The use of nanoscale x-ray probes overcomes several key limitations in the study of materials up to multimegabar (>200) pressures, namely, the spatial resolution of measurements of multiple samples, stress gradients, and crystal domains in micron to submicron size samples in diamond-anvil cells. Mixtures of Fe, Pt, and W were studied up to 282 GPa with 250-600 nm size synchrotron x-ray absorption and diffraction probes. The probes readily resolve signals from individual materials, between sample and gasket, and peak pressures, in contrast to the 5-μm-sized x-ray beams that are now becoming routine. The use of nanoscale x-ray beams also enables single-crystal x-ray diffraction studies in nominally polycrystalline samples at ultrahigh pressures, as demonstrated in measurements of ðMg,FeÞSiO 3 postperovskite. These capabilities have potential for driving a push toward higher maximum pressures and further miniaturization of high-pressure devices, in the process advancing studies at extreme conditions. extreme conditions | imaging | x-ray A dvances in high-pressure technology have opened numerous scientific frontiers through the study of materials over an expanding range of conditions. Pressure can drastically change the properties of ordinary materials to reveal surprising physical phenomena (1-3), unique phases and chemical interactions (4-5), and knowledge of Earth and planetary interiors (6-8). Scientific progress in this area is dictated by advances in high-pressuretemperature apparatus for reaching extreme conditions and analytical probes for conducting in situ investigations. Breaking the megabar barrier (9) and beyond (10) with diamond-anvil cells (DACs) has enabled static high-pressure measurements covering a broad range of compression depending on the materials studies, including over an order of magnitude increase in density.
The use of nanoscale x-ray probes overcomes several key limitations in the study of materials up to multimegabar (>200) pressures, namely, the spatial resolution of measurements of multiple samples, stress gradients, and crystal domains in micron to submicron size samples in diamond-anvil cells. Mixtures of Fe, Pt, and W were studied up to 282 GPa with 250-600 nm size synchrotron x-ray absorption and diffraction probes. The probes readily resolve signals from individual materials, between sample and gasket, and peak pressures, in contrast to the 5-μm-sized x-ray beams that are now becoming routine. The use of nanoscale x-ray beams also enables single-crystal x-ray diffraction studies in nominally polycrystalline samples at ultrahigh pressures, as demonstrated in measurements of ðMg,FeÞSiO 3 postperovskite. These capabilities have potential for driving a push toward higher maximum pressures and further miniaturization of high-pressure devices, in the process advancing studies at extreme conditions. extreme conditions | imaging | x-ray A dvances in high-pressure technology have opened numerous scientific frontiers through the study of materials over an expanding range of conditions. Pressure can drastically change the properties of ordinary materials to reveal surprising physical phenomena (1) (2) (3) , unique phases and chemical interactions (4) (5) , and knowledge of Earth and planetary interiors (6) (7) (8) . Scientific progress in this area is dictated by advances in high-pressuretemperature apparatus for reaching extreme conditions and analytical probes for conducting in situ investigations. Breaking the megabar barrier (9) and beyond (10) with diamond-anvil cells (DACs) has enabled static high-pressure measurements covering a broad range of compression depending on the materials studies, including over an order of magnitude increase in density.
Pressure is an intensive parameter, and the quality of measurements under compression is governed by the size of the analytical probe relative to the size of the samples rather than the absolute sample size. Consequently, major advances in high-pressure science and technology have often been marked by the miniaturization of associated analytical techniques, e.g., electrical (11) (12) , magnetic (13) , optical (14) , and x-ray probes (15) down to the micron scale. Further miniaturization to nanoscale probes has been very challenging. The standard submicron probes using focused electrons (e.g., electron microscopy) or ions (e.g., nano secondary ionization mass spectrometry) or surface contact (e.g., atomic force microscopy) typically require a low-pressure, if not a near-vacuum, environment, which is incompatible with highpressure experimental environments. Optical probes can access the high-pressure sample through the diamond windows (14) but are generally restricted in spatial resolution by the micronscale diffraction limit of optical wavelengths.
High-energy x-rays (>6 keV) have the penetrating power to reach samples through diamond anvils or beryllium gaskets (16) for in situ high-pressure measurement studies (7) . The develop-ment of a plethora of high-pressure x-ray techniques utilizing synchrotron radiation has been an essential driving force in recent development in high-pressure sciences. These techniques include x-ray diffraction, emission and absorption spectroscopy, radiography, and inelastic scattering techniques applied at megabar to multimegabar pressures (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) . However, existing synchrotron probes are limited to spatial resolution of 2-5 μm, corresponding to the size of the focused x-ray beams, which has become a key limitation to resolve stress gradients, compositional heterogeneity, and texture at megabar pressures, where significant differences occur on a submicron level. For example, x-ray diffraction and radiographic measurements of the strains of diamond, iron, and tungsten were carried out to multimegabar pressures (>300 GPa) with 5-μm x-ray beams, which was state of the art at that time (17) . Large strains of the tip of the beveled 300-μm diamond were mapped, and steep pressure gradients were determined to the maximum pressures. However, the potentially large pressure gradients within the 10-μm central flat area could not be accurately determined with the 5-μm x-ray beam because the strain distributions could not be measured on a finer scale. This problem can be solved with a nano/submicron beam to improve the spatial resolution of pressure gradient measurements. Further miniaturization of high-pressure devices to generate even higher (i.e., terapascal) pressures also demands nano/submicron probes.
For high-energy x-rays, with their very short wavelength (<0.2 nm), the theoretical diffraction limit is no longer an issue for the spatial resolution needed for these applications. The focus size is restricted by the practical limits of the x-ray optics, such as the slope error and surface finish of the focusing mirror. The nanoscale focusing capabilities of x-rays have recently made major progress at synchrotron beamlines specializing in nanotechnology; the two most promising focusing techniques are Kirkpatrick-Baez (K-B) mirrors and Fresnel zone plates. The zone plate system has the advantages of large working distance and small focus at low x-ray energy, whereas the K-B mirror system has the advantage of high efficiency and energy-independent focusing capability; i.e., it can be used to focus a wide range of monochromatic and polychromatic energies while maintaining the stability of focusing spot position. Zone plates were fabricated to achieve 15-nm FWHM focusing resolution for 1.8-keV soft x-rays (28) and 30-nm resolution for 8-keV x-rays (29) . A precisely configured K-B mirror was used to focus a 15-keV x-ray beam down to 25 nm (FWHM) at the kilometer-length beamline (BL29XUL) of SPring-8, Japan (30) . These small 15-to 30-nm beams are achieved at a great sacrifice to the maximum x-ray energy, beam flux, and working distance and may still be impractical for routine high-pressure experiments. In contrast, 200-to 600-nm x-ray beams, an order of magnitude smaller than the micron x-ray beams available at leading high-pressure beamlines at the European Synchrotron Radiation Facility, SPring-8, and the Advanced Photon Source (APS) are now in use at specialized nanofocusing beamlines, but they have yet to be applied to studies of materials under extreme conditions.
Here we demonstrate the use of x-ray focusing and nanoscale beam technology with a series of multimegabar high-pressure experiments. We show that focused x-ray beams of 250-to 600-nm limitations in the current technology provide the ability to spatially resolve materials in composite or heterogeneous samples, sample and gasket, strain gradients from which pressure can be determined, and the individual submicron-sized single crystals that comprise polycrystalline samples. The results demonstrated the importance of x-ray nanobeams for studies of materials at multimegabar pressures and the need for development of still smaller probes for extreme conditions science.
Results and Discussion
High-pressure experiments were carried out with the K-B mirror nanofocusing system at beamline 34ID-E, the zone plate nanofocusing system at 2ID-D, and the microfocusing system at 16ID-B of the APS, Argonne National Laboratory. The monochromatic x-ray beam of 15.001 keV was focused to 250 nm (FWHM) at 2ID-D with a zone plate, both polychromatic and monochromatic x-ray beams were focused to 600 nm at 34ID-E with K-B mirrors, and the x-ray beam of 33.686 keV was focused to 5 μm at 16ID-B for comparison. Symmetric DACs were used to generate pressure (31) . X-ray diffraction and absorption data were collected along the loading axis of the DACs (see Methods).
Spatially Resolving Heterogeneous Samples, Multiple Materials, and
Sample from Gasket. Accurate high-pressure measurements rely upon the ability of the analytical probe to resolve signals for the microscopic samples and the background signals originating from the surrounding materials. High-pressure x-ray diffraction (XRD) facilities at the APS (32-33), European Synchrotron Radiation Facility (34) , and SPring-8 (35) have established 2-to 10μm (FWHM) focused x-ray probes for this purpose. With the tail of the focused beam typically 3× the FWHM and approaching the sample size in ultrahigh-pressure experiments, it would be difficult to avoid having signals from the gasket contaminate the measurements. For example, XRD was used for the recent discovery of the hP4 phase of Na (36); however, the XRD pattern at 190 GPa was dominated by the Re gasket, making the hP4 assignment less robust. The problem is particularly challenging in highpressure XRD of low-Z elements, where scattering from the sample is much weaker than the background (37) .
Multiple samples have been studied in the same pressure chamber for direct comparison of their compressibility under the same pressure conditions (38) (39) , and natural rock specimens have been studied to simulate high-pressure geological environments (40) . Despite these advances, the above measurements have been limited by the overlap of diffraction peaks that obscures characterization of the different phases involved. These problems can be overcome with an x-ray beam that is an order of magnitude smaller, which could then distinguish between multiple samples and phases.
We studied a mixture of three different materials, Pt, W, and Fe, in the same pressure chamber up to 282 GPa. We mapped out features of the three different components of the sample on the 18-μm diameter culet by step-scanning the 250-nm (FWHM) focused x-ray beam and measuring x-ray absorption and diffraction at each step. Fig. 1A is the photomicrograph of the beveled diamond culet with the gasket and sample. Fig. 1B and C are two-dimensional (2D) x-ray absorption maps. Fig. 1B is an enlarged 40 × 40 μm 2 map from the area in the white-outlined square of Fig. 1A . The step size for scanning is 1 μm. The circular shape of the diamond-anvil tip can clearly be seen. Fig. 1C shows a 15 × 15 μm 2 map of the black-outlined square in Fig. 1B . The scanning step size is 250 nm. Compared with Fig. 1B , the map in Fig. 1C shows much better detail because of its smaller step size. As indicated by the arrows, submicron features have been resolved with the 250-nm x-ray beam scan.
The intensity of the transmitted x-ray decreases with increasing sample (or gasket) thickness and sample absorption coefficients. Because of the cupping of the culet (17), the gasket is thinner at the edge of the cup and thicker closer to the center of the cup. The circular, 18-μm diameter, ring-like feature in Fig. 1B corresponds to the thin, pinched-out rim of the culet. Because of their higher absorption coefficients, Pt and W are stronger absorbers than Fe; the area with higher x-ray transmission intensity in the map is Fe, whereas the areas with lower x-ray transmission intensity are W or Pt.
XRD patterns were also collected from areas corresponding to the 2D x-ray absorption map ( Fig. 2A) . From the diffraction patterns, it can be seen that, even though the gasket material (W) spreads all over the sample chamber and spatially overlaps with W and Fe samples, Fe and Pt are still easily distinguishable in the diffraction patterns. The diffraction results show submicron resolution and are consistent with the x-ray 2D transmission intensity maps shown in Fig. 1B and C. The benefits of using a submicronfocused x-ray beam to resolve between multiple samples and the gasket are clearly revealed by comparing with diffraction patterns collected on the same samples by using an x-ray beam size of 5 μm (Fig. 2B) . In contrast to results measured with a submicron x-ray beam, Fe, Pt, and W appear in all diffraction patterns and cannot be resolved spatially.
Strain Variations, Stress Gradients, and Pressure Distributions. Current static multimegabar experiments are made possible by beveling the diamond anvils in order to sharpen the pressure gradient in the solid gasket that supports the peak pressure at the center of the culet (10, 41) . Designing and achieving a very steep pressure gradient in the gasket and then placing the solid or fluid samples at the position where the pressure is maximum and the gradient is zero is critical for reaching ultrahigh pressures (42) . Advances in ultrahigh-pressure technology thus critically depend upon our ability to resolve the pressure distribution and to determine the peak pressure. The use of a nanofocused x-ray beam enables us to resolve pressure gradients that are an order of magnitude steeper and to detect peak pressures at submicron length scales.
We compared pressure gradients in a DAC measured by XRD of W with a 5-μm x-ray probe at 16ID-B and a 600-nm x-ray probe at 34ID-E. The pressure determination was based on the pressure-volume equation of state of W (38, 43) . Peak pressures of 105 ( Fig. 3A ) and 282 GPa (Fig. 3B ) were reached. The random uncertainty in the pressure values arises mainly from the resolution of the detector system and errors in the sample to detector distance. The anisotropy of the stress, including uncertainty in the maximum pressure, for these measurements is similar to that described in ref. 17 . The load and average pressure might have changed during the time span because the available beam time between 16ID-B and 34ID-E measurements was a month apart. The comparison is mainly to demonstrate the difference in ability to resolve the pressure gradient and peak pressure. Fig. 3B shows that the peak pressure in a 2-μm (FWHM) region can be resolved by the 600-nm x-ray probe but is missed by the 5-μm beam. The sharp peak was smeared out in the 2D average of the larger beam. The 15 GPa∕μm peak pressure gradient observed with the submicron x-ray beam is also averaged out with the larger beam.
The measurement of pressure in current static multimegabar experiments at the maximum loading technology is limited by the ability to probe pressure distributions with 2-to 5-μm x-ray beams. The present experiment indicates that a submicron x-ray beam can be used to understand fundamentally the constraints imposed by current diamond-anvil size, design, and maximum achievable pressure. It will help to advance the anvil design by sharpening the pressure gradient and creating a higher-pressure peak in a smaller area that is compatible with the finer probe size. The size of the diamond anvil and the entire DAC can also be greatly reduced (by a factor of ten) with the availability of still smaller probes.
Resolving Individual Single Crystals in a Polycrystalline Aggregate.
Structural information on an atomic level is essential for understanding the properties of materials at high pressure. XRD has long been the bread-and-butter probe for studying structure in situ at high pressure. Ideally, XRD from single crystals provides unique and critical sources of structural information that are crucial for understanding the microscopic mechanisms of highpressure phenomena and characterizing unique pressure-induced phase transitions. However, single crystals break up into powders after reconstructive transitions. Without single crystals, we are forced to use various polycrystalline XRD methods that do not give as definitive a result. These polycrystalline methods often assume a "good" powder sample-i.e., statistically nearly infinite number of randomly distributed crystallites-which yield a smooth and uniform XRD pattern. In reality, most new phases formed under megabar pressures are neither a good powder nor a single crystal, their XRD patterns are often spotty with a 5-μm x-ray probe, and the intensity data are often insufficient for reliable Rietveld refinement.
From the standpoint of these measurements, whether a sample is single-crystal or polycrystalline (powder) depends upon the number of crystallites impinged by the probe beam at one time. The material is considered single-crystalline if the beam is smaller than the crystallites and polycrystalline if the beam covers a large number of crystals; a spotty polycrystalline pattern is measured if the beam probes an intermediate number of crystallites. Significant effort has been made to grow single crystals larger than the 5-μm beam by annealing samples, but the successful cases are rare (44) (45) (46) . Here we took the different approach by reducing the xray probe size to 250 nm. The results show that the use of a submicron-focused x-ray beam enables us to carry out single-crystal studies even in the polycrystalline sample with grain sizes in the micron or submicron range. Fig. 4A shows the XRD pattern of a ðMg 0.6 Fe 0.4 ÞSiO 3 postperovskite sample at 142 GPa using a 250 nm monochromatic x-ray (λ ¼ 0.8266 Å) beam at 2ID-D of the APS (47) (48) . For comparison, the XRD pattern measured with a ∼5-μm monochromatic x-ray (λ ¼ 0.3344 Å) beam from the same sample is shown in Fig. 4B . The spotty diffraction rings collected with the 5-μm x-ray beam indicate that the sample is polycrystalline. In comparison, the diffraction pattern measured with a 250-nm x-ray beam shows only a few reflections instead of spotty powder diffraction rings, which indicates that the grain size is similar in scale to the beam size. Hence the use of a submicron-focused x-ray beam enables single-crystal measurements of conventional polycrystalline samples with scanning monochromatic x-ray energy or sample rotation techniques.
We also developed a method to measure the grain size of a polycrystalline sample at multimegabar pressures by probing a single-crystal diffraction spot from each grain with a submicron-focused x-ray beam. Fig. 5A shows a series of diffraction patterns taken from different locations of the sample during a 1D scan with a constant step size of 0.5 μm. By monitoring one peak in each image, we are able to track the dimension of the crystal associated with the particular x-ray reflection. Fig. 5B is a plot of peak intensity of interest against the scanning positions. The FWHM is measured as 0.714ð4Þ μm; deconvoluting the data suggests that the grain size is close to the width of the x-ray beam. Fig. 6A shows a 2D diffraction intensity contrast map scanned from a single crystal in a powdered postperovskite sample at high pressure. The scanning area is 13 × 13 μm 2 with a step size of 1 μm. The grain size can be easily determined from the image by fitting the intensity versus position. The intensity distribution along the a and b directions of Fig. 6A are shown in Fig. 6B , and the grain is determined to be 1.60 × 1.65 μm 2 in dimensions. The result also suggests that we can easily track a particular grain in the sample.
Conclusions
We demonstrate the utility of focused submicron x-ray beam studies of materials at multimegabar pressures. The x-ray absorption mapping with these beams show that one can clearly resolve different materials in composite samples. This technique allows the study of multiple samples in a single experiment, which both increases efficiency and permits direct comparisons of the behavior of different materials under similar thermomechanical conditions. The techniques have the potential for reaching still higher pressures with very small diamond culets. These small beams can be used to separate signals of the sample from those of the surrounding materials, which is critical for experiments designed to reach more extreme pressures (i.e., with culets <20 μm and sample chambers <5 μm). The use of a submicron-focused x-ray beam allows us to carry out single-crystal studies even in polycrystalline samples with submicron-scale grain size. We further demonstrate the ability to track submicron-scale single crystals in a 1; 000 × 1; 000 μm 2 area during a single experiment. Finally, the use of a submicron-focused beam provides important knowledge of the stress state of samples at static multimegabar pressures by providing accurate measurements of strain distributions at these length scales. Such information is crucial for accurate calibration of pressure under extreme conditions
Methods
Symmetrical DACs with different diamond anvils were used to generate pressures (31) . For the studies of spatially resolved multiple samples, as well as the pressure gradient measurement, we used diamond anvils with a 200-μm diameter outer culet, a 17°bevel, and an inner culet of 18 μm. The Fe and Pt samples were loaded into a ∼10-μm diameter sample chamber that was drilled into a preindented W gasket without any pressure medium (Fig. 1A) .
X-ray absorption mapping and diffraction measurements were performed at 34ID-E and 2ID-D at the APS. The experimental setups are shown schematically in Fig. S1 . 2ID-D uses the undulator radiation source, which can maximize the incident flux for a specific energy. A double-crystal Si(111) monochromator selects the incident beam energy (15 keV for the current study) and a zone plate focuses the incident beam down to 250 nm. At 34ID-E, the x-ray beam is interchangeable between a white and monochromatic sources with an insertable/removable monochromator. The energy of the monochromatic beam we used during the experiments at 34ID-E was tunable from 10 to 23 keV. The beam was focused to 600 nm with a pair of K-B mirrors that were designed to keep the identical focus spot during the tuning of monochromatic energy and switching between monochromatic and white sources. The beam sizes were measured by knife-edge scans for both stations (Fig. S2 ). All of the diffraction patterns were collected with either an image plate (MAR345) or a Princeton CCD and processed with FIT2D. The x-ray transmission maps were measured with an ion chamber. 
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